chemiluminescence 22 and chemical. [23] [24] [25] Major limitations, however, have included the limited reusability of the system, thus enhancing cost of measurement. In this context, the present study offers a potential solution to reduce the cost and facilitate fabrication and use of the biosensor for In this paper, an egg-shell membrane has been used for efficient immobilization and stabilization of glucose oxidase. This membrane was used for developing a simple and reusable method for estimation of glucose in biological samples. The proposed sensor was effectively used in a wide glucose concentration range (1 -1000 mM) with fast response time of 70 s for higher concentrations and 120 s for lower concentrations. The results of response study for the fabricated sensor show limit of detection of 4.761 mM with high sensitivity over the entire concentration range (1 -1000 mM). Most interestingly, the membrane used in the fabricated sensor could be repeatedly used for glucose analysis 150 times and it exhibited a shelf-life of more than 6 weeks. The proposed sensor was also demonstrated for estimation of glucose in human blood samples.
Introduction
Glucose estimation is considered very significant for patients suffering from diabetes mellitus. 1, 2 Diabetes mellitus is a metabolic disorder due to insulin deficiency and hyperglycemia and it is one of the most likely causes of death worldwide. 3 Kidney failure, coronary heart disease, stroke, blindness and other clinical disorders are generally associated with an increase in blood glucose level. [1] [2] [3] The increasing demand of diabetes diagnostics and therapeutic analysis require the development of sensitive and accurate method for the detection of glucose in blood samples. Glucose biosensors have attracted much interest for their significance to estimate glucose levels in blood serum samples. These biosensors can be used as bench top or point of care devices for continuous monitoring of blood glucose level and are significant for both diabetic and non-diabetic patients because of their fast response time, reduced cost, high selectivity and stability. 3, 4 Since Clark and Lyon in 1962 first suggested the concept of a glucose biosensor based on a dissolved oxygen (DO) sensor, 5 a great deal of effort and improvements have been made to develop effective glucose monitoring devices. In fact glucose sensors currently account for 85% of the commercial biosensor market. 3 Researchers have introduced different types of optical, 6, 7 electrochemical, 8, 9 piezoelectric 10, 11 and non-enzymatic 12, 13 glucose sensors. Some of them have been successfully implemented and are commercially available in the market. 14 However, the cost of each glucose sample measurement is still high, especially for commercially available strip-based glucose biosensors. The currently existing techniques also suffer from standardization difficulties, poor stability and specificity. With this in view, there is an urgent need to develop a cost effective, fast, accurate and reliable method for glucose determination.
To obtain a low-cost, stable and specific platform for a glucose sensor, selection of suitable matrices for enzyme immobilization is very much essential. The cost of glucose measurement can be reduced by choosing an appropriate matrix or membrane for enzyme immobilization that can be used multiple times. The presently available glucose measurement techniques mainly use nanomaterials, 12, 15 conducting polymers, 16 sol-gels 17 and paper 18 as matrices for glucose oxidase (GOx) immobilization. These methods encounter problems with biocompatibility, stability and reproducibility and cannot be used multiple times, hence are deployed in disposable sensors, which increases the cost per diagnosis. In this context, an egg-shell membrane can be implemented as a matrix for enzyme immobilization by strong covalent bonding using a cross-linker. The egg-shell membrane is a natural material, made with cross-linked protein fiber and exhibits exceptional gas and water permeability. 19, 20 The egg-shell membrane also possesses flexibility with aqueous solutions and provides a stable and biocompatible environment hence the immobilized enzymes can retain their shape and activity. 19 Previously an egg-shell membrane has been used for developing a urea biosensor 19 that shows much promise in terms of reusability, stability and reproducibility. So we extended that study using the egg-shell membrane to develop a glucose biosensor based on a Clark-type dissolved oxygen electrode. Several studies have been performed to determine glucose using an egg-shell membrane as a matrix by various methods like optical, determination of glucose.
We report results of the studies related to fabrication of a glucose biosensor using simple flow through assembly, op-amp based electronic circuit and LabVIEW software-based virtual instrumentation. In this work, we have used a stable GOxeggshell membrane prepared through strong covalent binding using glutaraldehyde and attached with a Clark-type dissolved oxygen electrode. Depletion of oxygen concentration due to enzymatic reaction has been detected through a dissolved oxygen electrode and glucose concentration has been sensed indirectly. The main emphasis of this study was given to stability and reusability of the fabricated sensor so the protocol can be applied effectively in clinical diagnosis rather than household uses.
Experimental

Reagents and chemicals
Glucose oxidase (EC 1.1.3.4 from Aspergillus niger, 250 KUg -1 solid), glutaraldehyde solution (25%, w/w in water), and D-glucose were procured from Sigma-Aldrich (USA). Potassium chloride, sodium dodecyl sulfate, sodium sulfite, sodium acetate and glacial acetic acid were purchased from Fisher Scientific (India). All other reagents were of analytical grade and used without any further purification. The GOx solution (2 mg/mL) and 0.5% glutaraldehyde solution were freshly prepared in acetate buffer (50 mM, pH 5.1). The stock solution of glucose was prepared in acetate buffer (50 mM, pH 5.1) prior to being used and aliquoted in different working concentrations (1 -1000 mM). Fresh hen eggs were bought from a local market. Deionized water (resistivity not less than 18 MΩ cm) was used for the preparation of buffer solutions.
Apparatus
Dissolved oxygen (DO) probe comprising silver anode and gold cathode enclosed in plastic casing, DO meter and Teflon membranes were purchased from Century Instruments Ltd. (Chandigarh, India). LabVIEW software was obtained from National Instruments (USA). The electronic components were bought from the local market.
Calibration of DO meter
To calibrate the DO meter, a DO probe was filled with 2 mL freshly prepared saturated KCl solution and a Teflon membrane, thoroughly cleaned with sodium dodecyl sulfate (SDS) and distilled water (DW), was fixed on the DO probe. The temperature during DO meter calibration was recorded as 25 C and set to it. Zero oxygen concentration of DW was first attained using sodium sulfite to calibrate the DO meter at that particular condition. Saturated oxygen concentration of DW was maintained by vigorously stirring the solution and calibrating the instrument accordingly. Both conditions were used to determine the slope of DO meter calibration and the calculated slope was maintained during subsequent experiments at this particular temperature. A DO probe with Teflon membrane was used to measure the DO of DW using this calibrated DO meter and the reading was found to be 7.8 ppm at room temperature (25 C).
Enzyme immobilization on eggshell membrane
An eggshell membrane was manually stripped from a broken fresh eggshell after removing albumen and yolk from the egg. The separated membrane was washed several times with DW and buffer solution and placed on a clean glass plate. Discs of membrane were obtained by cutting it into circles of 2 cm diameter using a steel block and dried in an oven at 45 C for 2 h. The membrane discs were soaked in 0.5% glutaraldehyde solution for 2 h at room temperature (25 C) and rinsed with buffer solution to remove unbound particles and then air dried. Glucose oxidase (2 mg/mL) solution was prepared in acetate buffer (50 mM, pH 5.1) and an aliquot of 75 μL was dropped on each membrane disc. The enzyme immobilized membranes were dried at room temperature (25 C) for 6 h in humid conditions and washed with acetate buffer to remove unbound enzymes and stored in a refrigerated condition (4 C) when not in use.
Preparation of flow through reaction vessel
A plastic cylinder was used to prepare a flow through reaction vessel to execute the experiments. For this purpose, a plastic cylinder was drilled and fitted with three flexible silicone tubes, one for buffer input and the other two were used for draining purposes. The reaction vessel was connected with a buffer tank through these silicone tubes and buffer was flowed through it by siphon action. A stopper cork fitted in silicone tubes was used to stop and regulate the flow of buffer to and from the reaction vessel. Total volume of liquid inside reaction vessel was restricted to 10 mL. A small magnetic bar was kept inside the reaction vessel for continuous stirring and mixing of solution and for faster diffusion of oxygen towards the electrode. Picture of the reaction assembly with flow through reaction vessel and DO probe is shown in Fig. S1 (Supporting Information). The glucose sample of different concentration were injected through a small hole made at the bottom of the reaction vessel using 1 mL syringe.
Design of electronic circuit
The electronic circuit was designed using Multisim (National Instruments, USA) evaluation version and used to measure oxygen level in the reaction vessel when connected to a DO probe. The designed circuit was mainly comprised of three parts, the first one was for signal conditioning, the second part was for data operation and the last one was for display. To make the DO meter assembly independent from an external power source, a 9-V DC battery was attached to the signal conditioning part of the circuit and used as a power supply. The signal conditioning part was mainly composed of a current (i) to voltage (v) converter, designed using LMC662 op-amp. 26 Reference voltage of 0.7 V was applied to the counter electrode of the DO probe using LM385 voltage reference diode. The output from the DO probe was current and converted into voltage using i -v converter consisting of an LMC662 op-amp. The LMC662 op-amp was fitted into the circuit due to its TeraΩ input resistance and the presence of two op-amps in the package. The second op-amp in the circuit was used for amplification of the DO signal. The second part of the circuit was composed of a PIC based microcontroller 27 for data operation. Power supply for the microcontroller was obtained from a USB port of the computer. The analogue data was acquired from the op-amp and converted into digital data with the help of a built-in microcontroller based 10 bit analogue-to-digital converter (ADC). ADC sampling rate was 1 M samples/s in order to acquire a large number of datasets per second. The digital data was filtered using moving average filter technique for 500 samples for a period of 1 s and sent to the computer using USB 2.0 protocol. This protocol was built-into the microcontroller. The display part was presented in the computer using LabVIEW software based interface. The block diagram of the circuit is shown in Fig. S2 (Supporting Information) .
Software design
The software for data visualization and acquisition into the computer was designed using LabVIEW software 2014 version (National Instruments), shown in Figs. S2 and S3 (Supporting Information). The software was used to receive data through USB port of the computer. The data was received per second through the port of the microcontroller and the received data was converted into DO value, as per the calibration equation pertaining to DO level (in ppm) vs. potential output (V) from the electronic circuit. The front panel of the LabVIEW interface was composed of start time and stop time of the data to be taken. The front end was used to plot real time data per second from start time to stop time. The data was also saved into the excel sheet automatically for future analysis. The block diagram for designed LabVIEW program is shown in Fig. S3 (Supporting Information). The data acquisition was executed using VISA functions for reading and writing of the data through the USB port. After execution of the program, the required data was sent to the computer with the help of a microcontroller. During data operation and interpretation, the data sent by the microcontroller was separated using index array functions and the signal was converted into DO values. The software program was also integrated with temperature compensation to calculate the exact DO value at a particular temperature. For this, a temperature vs. DO calibration equation was used. In this context, a temperature versus DO calibration equation at 730 mm atmospheric pressure was included for precise calculation of DO value. The acquired data were plotted on an XY graph and the datasheets were saved in excel format at the desired location for future analysis. The loop was terminated by executing a particular time window or by directly using the stop button.
Glucose sensing using fabricated DO probe
The DO probe enclosing silver anode and gold cathode inside a plastic casing was filled with 2 mL freshly prepared saturated KCl solution and a cleaned Teflon membrane was attached on it. The prepared GOx immobilized eggshell membrane disc was fitted on top of the DO probe using cotton thread. The membrane attached DO probe was connected to the designed electronic circuit and inserted into the reaction vessel from the top side. The electronic circuit was interfaced with the computer using developed software program in LabVIEW for data visualization, monitoring and analysis. Glucose solutions of different concentration for lower range (1, 2.5, 5, 7.5, 10, 15 and 25 mM) and for the entire range (1, 2.5, 5, 10, 25, 50, 100, 250, 500 and 1000 mM) were freshly prepared in acetate buffer (50 mM, pH 5.1) by serial dilution. The amount of glucose samples to be added for the lower (1 -25 mM) and entire range (1 -1000 mM) were optimized under proper conditions. Glucose samples of 1 mL and 100 μL were added to the reaction vessel through 1 mL syringe for the lower and entire range, respectively, to get adequate response. The fabricated DO probe was used to measure and estimate glucose in the buffer solution by following the principle of the Clark-type electrode. GOx enzyme immobilized on the eggshell membrane was used to oxidise glucose with O2 and produce gluconic acid, and the H2O2. DO level of the solution inside the reaction vessel decreased owing to consumption of O2 due to oxidation of glucose. The reaction mechanism which was executed is shown in Eq. During each measurement of glucose sample, the buffer content inside the reaction vessel was maintained at 10 mL and excess buffer was drained through an attached silicone tubing. The buffer flow from buffer tank was stopped using a stopper cork and each measurement was taken under constant stirring at 250 rpm to achieve improved kinetics of the reaction. After completion of each glucose sample estimation, the solution was discarded and fresh buffer solution was flowed into the reaction vessel to wash out the membrane. After regeneration of the membrane, as evident by reaching stable baseline DO level, subsequent measurement was performed. Schematic design of the flow through reaction vessel is shown in Fig. S2 (Supporting  Information) .
Evaluation of membrane reusability was one of the primary goals in this research. For this, an enzyme membrane was tied to the DO electrode and the same was used repeatedly over a period of approximately 2 days (with some rest for the personnel) while it was suspended in buffer at measurement temperature (25 C). A 100-μL injection of 10 mM solution of glucose was added to the flow through cell after reaching the baseline signal and sensor data was recorded until saturation of signal. A 90% value of this saturated response was used for calculation purposes. Once the reaction was over (as evident from saturated response in about 3 min), the stopper cork controlling the flow of buffer to the reaction vessel was opened to drain out the medium. Fresh buffer flow was initiated thereafter to wash the membrane for about 7 -10 min at approximately 10 ml/min flow rate until the original baseline DO value was reached. Thereafter, next sample of the same glucose solution was injected into the vessel repeatedly in this manner. The buffer in the flow through vessel was constantly stirred during the entire period.
The membrane shelf life was evaluated in a similar manner by using a single membrane for estimation of sensor signal using 10 mM glucose. Once the reaction was over, the membrane was washed with flow of buffer and the sensor baseline was obtained. Thereafter, the membrane was untied and stored submerged under buffered condition in a petri dish at 4 C. The same membrane was evaluated once again for sensor response after the designated time interval.
In order to demonstrate clinical application of the proposed sensor, the glucose measurement of human blood samples was conducted by standard addition method. The blood samples obtained from two donors in IIT Delhi hospital were spiked with different glucose concentrations and then were analyzed using developed glucometer vis-à-vis commercial blood glucose analyzer (Roche Accuchek ActiveTM). Ethical approval was obtained from the IIT Delhi ethics committee prior to collection of human blood samples and volunteers' informed consent was obtained.
Results and Discussion
Optimization of experimental conditions for membrane preparation
The eggshell membrane discs have been dipped in glutaraldehyde solution to covalently bind enzyme by cross linking. The concentration of glutaraldehyde solution has been found to affect sensor response. Different concentrations (0.25, 0.5, 0.75, 1 and 5%) have been used to optimize the concentration of glutaraldehyde solution and optimum response was obtained at 0.5% solution. Lower concentrations of glutaraldehyde solution were not enough to optimally bind the enzyme on the matrix and the higher concentrations denatured the enzyme and hence reduced sensor response. The amount of enzyme (GOx) on each membrane disc has been optimized at 75 μL of stock (or 36.88 enzyme units) after checking with different concentrations of enzyme solutions (10, 25, 50, 75, 100, 150 and 200 μL). This was evident from saturated sensor response slope beyond 75 μL of enzyme loading.
Reaction vessel, instrumentation and software
The reaction vessel was designed for ease in operation and repeated washing of membrane, without putting strain on the membrane. The flow through assembly having dipped DO electrode was built for this purpose and the reaction mixture was stirred at constant speed. Our experience with DO based biosensors in the past shows that oxygen dissolves and exits from a solution at different rates at a particular temperature, and it also depends on whether a reaction is in progress in the solution or not. 26 Maintaining a constant stirring speed is necessary to maintain a steady state of dissolved oxygen in the entire solution. Hence, the dip in DO level only happens at the interface of the membrane. This is key to quick regeneration of the membrane for the sake of repeatability.
Though it was a relatively simple design, the core of this study was its instrumentation and signal conditioning to achieve a high signal-to-noise ratio during measurement. The electronic circuit design and schematics for interfacing it with a program written in LabVIEW code is shown in Fig. S2 (Supporting Information). The built-in ADC interface in the circuit acquired data per second and averaged it using the moving average method. This strategy provided a relatively noise free operation with high accuracy, and hence achieved low LOD of the sensor. Amongst others, the guided user interface of the LabVIEWbased program had a feature to select probable range of glucose concentration before the measurement could be initiated. This was necessary due to the reason that the sensor had two detection ranges: low and high, each having different calibration equations (Eqs. (2) and (3)). Though it could have been avoided by using a single range, having a calibration equation in clinically significant ranges was an added advantage.
Response studies
Figures 1A and 1B show response curves of the fabricated sensor as a function of glucose concentration for the lower (1 -25 mM) and entire (1 -1000 mM) range, respectively, in acetate buffer (50 mM, pH 5.1). The results show the DO level of the buffer solution rapidly decreasing after addition of the glucose sample into the reaction vessel. This is attributed to consumption of oxygen and formation of H2O2 during enzymatic reaction between glucose and GOx. The steady decrease in DO level with increasing glucose concentration is due to gradual decrease in O2 concentration inside the reaction vessel. For high glucose concentration range, 90% of the response is obtained within 70 s but this was inadequate for the low glucose concentration range. This may perhaps be due to lower availability of the substrate in same volume of solution, hence 90% of maximum response was achieved in around 120 s for the lower concentration range (1 -25 mM). Figure 2 shows the calibration curve between the difference of initial and final DO level (δDO) after particular response time (120 s for lower and 70 s for entire range) with glucose concentration (mM). Both curves exhibit exponential nature with increasing glucose concentration. The calibration curves were fitted with the Boltzmann equation using Origin 8.5 evaluation version. The corresponding Eqs. (2) and (3) have been obtained for the lower and entire glucose concentration ranges. From these curve fits, the linear regression co-efficient has been found to be 0.996 and 0.991, respectively, for the lower and entire concentration ranges of glucose. The lower detection limits (LOD), as defined as 3 times the value of sensor noise (ppm of DO) in plain buffer devoid of any glucose, for the lower and entire ranges have been calculated as 0.639 and 4.761 mM, respectively.
Membrane reusability and stability
The most significant part of this study was to make the biosensor truly reusable. For this, repetitive measurements have been conducted with a 10 mM glucose sample in 10 mL acetate buffer (50 mM, pH 5.1) using a DO probe in the same environmental condition. The result shows (Fig. 3A) that the same membrane can be used 150 times with reproducible results while still retaining its activity up to 85%. The stability trend was not affected whether the membrane was used in continuation between repeated reuses or was stored in buffer at 4 C for reuse the next day. The reusability curve (Fig. 3A) exhibited a linear regression coefficient of 0.6734 and chi square of 14.0652 after 150 successive measurements. The enhanced reusability can be attributed to stable immobilization of the enzyme on eggshell membrane matrices by strong covalent binding using glutaraldehyde as a cross-linker.
Besides, the egg-shell membrane perhaps provided a near native environment to the enzyme, surrounded by amino acids and ideal proportions of salt and hydrophilicity. A similar concept was demonstrated by our group in the past as well, while using urease with this membrane. 19 Therefore, the present study strengthens the concept of using an egg-shell membrane for reusable biosensors and may help to immobilize and stabilize other enzymes as well.
In further continuation to our work, the shelf life and stability of the prepared membrane was evaluated in the presence of 10 mM glucose sample in 10 mL acetate buffer (50 mM, pH 5.1) solution at a regular interval of 1 day up to 10 days and then after an interval of 5 days (Fig. 3B) . The immobilized enzyme on the membrane retained its activity up to 78.92% after 45 days when stored under refrigerated conditions (4 C). The result reveals that the prepared membrane can be used efficiently for more than 6 weeks with reproducible results.
The sensor was also tested for real sample analysis using human blood samples spiked with known glucose concentrations. As shown in Fig. 4 , there was a good correlation of 0.98 (χ 2 = 82) between glucose analyzed by a commercial glucometer and the developed biosensor readings. This signified that the developed method has great potential and accuracy for the analysis of glucose in real clinical samples.
Conclusions
In summary, a simple approach for glucose estimation has been developed based on the principle of the well-known Clark-type oxygen electrode. GOx enzyme was immobilized on an egg-shell membrane by strong covalent bonding using a glutaraldehyde cross-linker and the prepared membrane was attached with DO probe for fabrication of the electrode. The electrode was interfaced with a computer through LabVIEW software for data acquisition and monitoring. The fabricated sensor could be used in a broad detection range (1 -1000 mM) and covers glucose measurements in both lower and higher concentration ranges and also was validated with real blood samples. The modified membrane used in this sensor can be utilized 150 times effectively or for more than 6 weeks. The reusability of the sensor membrane was the most significant part of the finding and may be enormously useful in long term measurements, especially for full day glucose sample monitoring in hospitals and pathological clinics. In this way, it should be helpful in reducing the cost of glucose sample measurements. Also, by having a very wide detection range, the proposed sensor can be used in analysis of glucose in food products and soft drink samples, and other applications as well.
